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ABSTRACT  
Despite the high efficiency of MAPbI3 perovskite solar cell, the long term stability and degradation 
in humid atmosphere are issues that still needed to be addressed. In this work, magnesium iodide 
(MgI2) was first successfully used as a dopant into MAPbI3 perovskite prepared in humid air 
atmosphere. Mg doping decreased the valence band level which was determined from 
photoelectron yield spectroscopy. Compared to the pristine MAPbI3 perovskite film, the 1.0 % Mg 
doped perovskite film showed increased crystal grain size and formation of pinhole-free perovskite 
film. Performance of the solar cell was increased from 14.2 % of the doping-free solar cell to 17.8 % 
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of 1.0 % Mg doped device. Moreover, 90 % of the original PCE was still retained after storage in 
30~40% relative humidity for 600 h. 
INTRODUCTION 
Perovskite-based solar cell was first reported by Miyasaka et al. in 2009 showing an efficiency 
of 3.9 %.1 Just after several years, the efficiency significantly increased up to 22.7 % which is 
comparable to current silicon solar cell.2-3 The high efficiency of lead-based perovskite solar cells 
can be attributed to the band gap close to the Shockley-Queisser limit, high optical absorption 
coefficient, excellent electron mobility and large electron diffusion length.4-8 However, compared 
to single crystalline perovskite, polycrystalline perovskite material showed shorter 
photoluminescence lifetime, suggesting the presence of electronic defects.9 These defects are 
originated from grain boundaries within the perovskite which could trap free charge carriers and 
thus decrease the efficiency.10-13 The prototypical organic-inorganic perovskite, MAPbI3 (MA, 
CH3NH3
+) has a tetragonal structure and a band gap of around 1.5 eV. Despite these excellent 
properties, the material is still far from being used in real application due to low stability in air and 
prone to degradation in humid atmosphere.14-16 The organic cation MA is mainly responsible for 
the tetragonal structure stability and MAPbI3 perovskite layer. And it has been reported that partial 
caesium or rubidium substitution of MA can effectively improve the stability because of the 
smaller size of inorganic cation could induce an entropic stabilisation.17-18 The electronic 
properties of perovskite material are mainly determined by the Pb-site. Moreover, the chemical 
composition of the perovskite also determine the electrical and optical properties of the perovskite 
materials.19 Therefore, partials substituting lead or doping with other metals cations can effectively 
modify the optoelectronic properties of perovskite materials.20-22 Zhao et al. investigated the effect 
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of alkali metal doing in MAPbI3 perovskite.
23 They suggested that potassium passivated the trap 
states in the perovskite and led to bigger grain size. Similar effect has also been observed in the 
case of doping with bivalent and trivalent metals, Zn2+, Sb3+ and Sr2+.24-26 Doping of MAPbI3 with 
Ag has also been investigated where decreased in the electron concentration and thus improved 
electron mobility has been cited as the factors leading to the increase in the PSC efficiency.27 The 
nontoxic  alkaline-earth metals of beryllium (Be, ionic radius 59 pm) magnesium (Mg, ionic radius 
86 pm), calcium (Ca, ionic radius 114pm), strontium (Sr, ionic radius 132 pm), and barium (Ba, 
ionic radius 149 pm) are the earth abundant elements have a stable divalent oxidation state which 
are considered of good candidates for the replacement of toxic lead (Pb, ionic radius 132 pm). 
Many studies have focused on research in the energy band structure by doping the perovskite with 
Ba2+, Sr2+ and Ca2+.28-30 However, rarely no experiment research of Mg2+ doping into the 
perovskite is reported. The band gap of MAMgI3 is 1.39 eV that is obvious narrower than the other 
three metals (3.97 eV, 3.94 eV and 3.89 eV for MABaI3 MASrI3 and MACaI3, respectively), which 
is approach to the band gap of MAPbI3 (1.55 eV).
31  In addition, MAMgI3 exhibits a strong and 
wide absorption at 4.5-9.5 eV in the ultraviolet spectrum region, which would be a promising 
material for solar cells in the region. Therefore, research in how Mg2+ affect into energy band 
structure and the morphology of the perovskite will be challenge and meaningful. 
In this work, for the first time, we explored experimentally the effect of Mg doping in MAPbI3 
perovskite. The X-ray diffraction (XRD) analysis shows that there was no change in the crystal 
structure of the perovskite upon doping with Mg. Although the doping did not alter bandgap of the 
perovskite, from the photoelectron yield spectroscopy measurement, the valence band value 
became deeper. The perovskite materials were then evaluated for their photovoltaic properties and 
the lifetime stability was also performed at 30-40 % relative humidity (RH). The efficiency of the 
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solar cell was increased from 14.2 % of the doping-free solar cell to 17.8 % of 1.0 % Mg doped 
device. Moreover, 90 % of the original PCE was still retained after storage in 30~40% relative 
humidity for 600 h. 
RESULTS AND DISCUSSION 
 
Figure 1 (a) XRD spectra of different molar ratio Mg doped MAPbI3 perovskite layer on glass 
substrate. (b) XPS core level spectra of Mg 1s; (c) XPS core level spectra of Pb 4f; and (d) XPS 
core level spectra of I 3d. The XPS sample was prepared by spin-coating Mg doped MAPbI3 
perovskite precursor solution on 2×2 cm FTO substrates.  
Figure 1a shows XRD patterns of different molar ratio Mg doped MAPbI3 perovskite films (0.0 %, 
0.5 %, 1.0 %, and 2.0 %). All the films were prepared on glass substrates using ethyl acetate as the 
anti-solvent by one-step spin-coating method at 30%~40% RH air atmosphere. Strong intensity 
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peaks at 14.09o, 28.42o, 31.85o, 40.63o and 43.16o were observed, which are well-oriented in (110), 
(220), (222), (224) and (314) directions of the MAPbI3 perovskite. This is consistent with previous 
researches.32-34 In addition, a weak diffraction peak appeared at 12.7o which is assigned to PbI2, 
where the peak intensity decreased upon increasing Mg doping, and nearly no peak appeared when 
the doping ratio was more than 1.0 % which is exhibited in XRD patterns between 12.0o and 13.0o 
shown in Figure S1. Thelakkat et. al. proved that the rate of degradation of CH3NH3PbI3 could be 
accelerated because of PbI2 residue present in the perovskite film.
35 Moreover, researchers have 
proved that the surface defects and trap state density originating from uncoordinated Pb atoms of 
the residual PbI2 limiting the performance of PSCs.
36 This means Mg doping into MAPbI3 
perovskite layer enhanced the conversion from PbI2 to complete MAPbI3 perovskite. Additionally, 
it also indirectly indicates that Mg doping enhanced moisture resistance of the perovskite films as 
it is known that MAPbI3 tend to degrade into PbI2 in the presence of water.
37-38 Hydrophobicity is 
another factor to confirm moisture resistance of the perovskite films. Therefore, the contact angles 
of the pristine and 1.0% Mg doped MAPbI3 perovskite were measured and shown in Figure S4. 
Contact angle of the 1.0 % Mg doped MAPbI3 film is calculated to be 69.9°, which is evidently 
larger than that of the pristine film with 50.3°. The increase of water contact angle suggests the 
enhancement on water-resistance of the 1.0% Mg doped perovskite film, which is beneficial for 
long-term stability of the solar cells. The wide scan of X-ray photoelectron spectroscopy (XPS) of 
different molar ratio Mg doped MAPbI3 perovskite are exhibited in Figure S2. Figure 1b shows a 
peak position at 1304 eV which is assigned to Mg 1s peak, and the intensity increased when 
increasing the Mg doping suggesting that Mg is successfully doped into the MAPbI3 structure.
39 
Figure 1c, d shows the Pb 4f and I 3d core levels which indicate the I/Pb surface atomic ratio are 
close to 3 in all the films.  Moreover, the Pb 4f and I 3d peaks move to lower binding energy when 
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increasing the Mg doping content, suggesting a change in the oxidation state of Pb and I with the 
addition of MgI2.
40 
 
Figure 2 (a) UV-vis spectra of different Mg doped MAPbI3 perovskite films on glass substrates. 
(b) (ahv)2 versus energy. (c) PESA measurement of different Mg doped perovskite films on FTO 
glass substrates and (d) The corresponding energy diagram. 
Figure 2a shows the UV-vis absorption spectra of different molar ratio Mg doped MAPbI3 
perovskite layers. It is obviously that the absorbance of Mg doped perovskite layer increased 
compared to pristine MAPbI3 film. The increased absorbance can be attributed to better surface 
coverage and pinhole-free morphology of the perovskite layer.41 The band gaps are calculated from 
Tauc plot are shown in Figure 2b. The optical band gap decreased marginally from 1.571 eV for 
pure MAPbI3 perovskite to 1.547 eV for 2.0% Mg doping. Photoelectron yield spectroscopy (PYS) 
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was utilized to measure the valence band of the perovskite materials.42-44 The valence band edge 
of the perovskite films showed a clear decreasing trend after incorporation of Mg into MAPbI3 
perovskite, as determined by photoelectron spectroscopy in air, shown in Figure 2c. The valence 
band edge shifted  from -5.56 eV of MAPbI3 to more negative values of -5.60 eV, -5.62 eV and -
5.65 eV for 0.5 %, 1.0 % and 2.0 % Mg doping, respectively. Based on the above results, the 
energy diagram upon Mg doping is given in Figure 2d. The valence electron of lead and 
magnesium is 5d10/6s2/6p2 and 2s2/2p6/3s2, respectively. When Mg was added to the perovskite, 
the carrier transition was changed from Mg 1p—Mg 1s of the pristine MgI2 to the Mg 1d—Mg 1s 
of the doped perovskite, which is shown in Figure S8. For the Mg doped MAPbI3, the valence 
bands are mostly occupied by the p orbitals of iodide atoms, and the conduction bands contain of 
a large proportion of the s orbitals of Magnesium atoms and the p orbitals of the lead atoms.45 It is 
clearly shown in Figure 2d that the electronic configuration of MAPbI3 suffers only minor changes 
after incorporation of low content of MgI2, which is critical in order to retain the high photovoltaic 
performance of MAPbI3 perovskite materials.
46  In addition, the time-resolved photoluminescence 
(TRPL) spectra of the controlled and 1.0% Mg doped perovskite film are displayed in Figure S7. 
The PL decay times are obvious increased from τave  of 150.39 ns for the pristine MAPbI3 
perovskite film to the 347.63 ns for the 1.0% Mg doped perovskite film, which indicates that Mg 
doping enhances the carrier lifetime.47 
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Figure 3 Top view SEM images of the different Mg doped MAPbI3 perovskite layers on 
FTO/compact TiO2/Mesoporous TiO2 substrates. (a) (b) 0.0%; (c) (d) 0.5%; (e) (f) 1.0%; (g) (h) 
2.0%. Scale bar for (a) (c) (e) (g) is 1µm and (b) (d) (f) (h) is 100 nm.  
 
Figure 3 shows the top-view morphology of the different molar ratio Mg doped MAPbI3 perovskite 
layers observed by scanning electron microscopy (SEM). It can be calculated that the average grain 
size is around 110 nm of pristine MAPbI3 film, 190 nm for 0.5 %, 580 nm for 1.0 % and 600 nm 
of 2.0 % Mg doped sample. It is clear the grain size gradually increased when increasing the doping 
content from 0.0 % to 2.0 %. However, 2.0% Mg doped film showed cracks and especially 
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significant for the 4.0% Mg doped as shown in Figure S5. The cracks have been reported to be 
mainly caused by the mechanical stress because of the fast growth rate of perovskite film during 
annealing step.48 The grain size is one of the governing parameters for determining the diffusion 
length and the charge carrier recombination rate.49 Small grain size directly correlates to large 
number of grain boundaries in the perovskite layer. Not only these sites act as charge trap sites, 
but also they are prone to attack by water molecules and these will accelerate degradation of the 
perovskite.  
During the growth process of perovskite layer, the growth rate of crystal grain is determined by 
the Gibbs free energy. The relationship between the nucleus radius (r) and overall Gibbs free 
energy change (∆G) can be derived from the equation50 
∆𝐺(𝑟) = −
4𝜋𝑟3
3𝑉𝑀
𝑅𝑇 ln(𝑆) + 4𝜋𝑟2𝛾 
Where VM, γ, S, R, and T represent nucleus` molar volume, energy of liquid-crystalline nucleus 
interface, supersaturation ratio, absolute temperature and gas constant, respectively. Figure S 9a 
and 9b schematically describe the Gibbs free energy diagrams as a function of nuclei radius in case 
of MgI2 doping. Doping Mg into the perovskite can increse the Gibbs free energy owning to the 
effect of chemical heterogeneity.32, 51 As a result, less nucleis are formed, inducing the bigger grain 
size. On the other hand, the coordination interaction between CH3NH3
+  and Mg2+ is higher than 
that of CH3NH3
+ and  Pb2+, which results in the electron cloud become more closer between 
CH3NH3
+ and Mg2+ metal ion, which also affects the crystallization of the perovskite film.52-53  
Therefore, the stronger coordination function with organic groups, along with a higher chemical 
interaction between Mg2+ and anions, which could make the Mg doped perovskite layer prefer to 
grow bigger grain sizes.  
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Figure 4 (a) The J−V curves of different molar ratio Mg doped MAPbI3 perovskite solar cells 
measured under AM 1.5 solar illumination (100 mW•cm−2) in air. The scanning direction is from 
open-circuit voltage to short-circuit current (reverse). (b) J−V curves of 1.0% Mg doped perovskite 
solar cell under reverse and forward voltage scans. (c) J−V curves of pristine MAPbI3 perovskite 
solar cell under reverse and forward voltage scans. (d) EQE spectra of the pristine and 1.0% Mg 
doped perovskite solar cells measured in air. (e) Nyquist plots along with the equivalent circuit 
diagram of pristine and 1.0 % Mg doped perovskite solar cells measured at 0.7 V applied bias 
under dark condition. Solid lines are the fitted curves and the experimental data are shown as points. 
(f) The stability of pristine and 1.0% Mg doped perovskite solar cells. Devices were prepared 
without sealing and were kept under dark at 30~40% RH atmosphere. 
The effect of different molar ratio Mg doped perovskite on solar cells performance was 
investigated with solar cells having the structure of FTO/Compact TiO2/Mesoporous 
TiO2/Perovskite/Spiro/Au. Devices were fabricated at 30~40% RH atmosphere. The pristine 
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device measured on the reverse direction has PCE of 14.5 %, short-circuit current density (Jsc) of 
21.56 mA/cm2, open-circuit voltage (Voc) of 1.05 V, and fill factor (FF) of 64.5 %. All the 
photovoltaic parameters increased upon doping with Mg as shown in Figure 4a. The 1.0% Mg 
doped device measured on the reverse scan has a PCE of 17.8 %, along with Jsc of 22.72 mA/cm
2, 
Voc of 1.08 V and FF of 72.3 %. However, 2.0 % Mg doped device showed low performance with 
PCE of 12.8 % which could be explained by the obvious cracks on the perovskite film (Figure 3 
g, h).  
The defect states and band bending always affects the hysteresis of the J-V curves which is a 
significant problem for conforming the actual PCE. Hence, to compare the quality of the PSCs, 
the hysteresis index values are calculated from the measured current-density-voltage curves.51 The 
hysteresis index value of 1.0 % Mg doped perovskite device is 0.11 which is lower than that of 
pristine device (0.27). The lower hysteresis index could be owning to the big grain size and uniform 
growth of the perovskite layer, effectively reducing the grain boundaries and make the charge 
transfer more efficiently between grains. Figure 4d shows the IPCE curve and the corresponding 
calculated short-circuit current. 1.0 % Mg doped perovskite device showed higher EQE curve than 
the pristine device which is attributed to higher absorbance intensity of the 1.0 % Mg doped 
perovskite film. Electrochemical impedance spectroscopy was performed to investigate the charge 
transfer mechanism on the interfaces. Figure 4e shows the Nyquist plots of the pristine and 1.0% 
Mg doped PSCs measured under dark condition with a bias of 0.7 V. Rs, Rrec and CPE are the 
sheet resistance, recombination resistance and constant phase element, respectively. As it is known 
that lower Rs suggests a better electro transport and larger Rrec implies the lower recombination 
rate.44 From the fitting, Rrec increased from 5303 Ω to 10545 Ω after 1.0 % MgI2 has been 
incorporated, suggesting the recombination rate is decreased.24 Therefore, it can be concluded that 
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the larger Rrec of 1.0 % Mg doped perovskite based device indicates that the carrier mobility in 
correspondent device is improved thus leading to enhanced Voc and FF. Furthermore, air stability 
of pristine and 1.0 % Mg doped PSCs were evaluated which was shown in Figure 4f. All the 
devices prepared without encapsulation was stored at room temperature at 30~40% RH 
atmosphere. After 600 h, the efficiency of pristine device decreased to 60 % of its initial value. 
However, the 1.0 % Mg doped device showed excellent stability in high humidity condition where 
90 % of the original PCE was still retained. The more stable Mg doped perovskite device is 
possible reason for the stability of the Mg doped perovskite layer as proved by the perovskite film 
stability test shown in Figure S6. It is clear from Figure S6 that the 1.0 % Mg doped perovskite 
layer was stable as the UV absorbance showed nearly no decrease after two weeks while the 
pristine film showed significant decrease. 
CONCLUSION 
In conclusion, we have successfully doped Mg into MAPbI3 without altering the crystal structure. 
The MgI2 doping resulted in lower conduction and valence band, perfectly matching with the 
conduction band of TiO2 and valence band of spiro-OMeTAD. Higher quality perovskite films 
with bigger grain and pin-hole free was obtained upon Mg doping. For pristine device, the 
efficiency was 14.2 % compared to 17.8 % for 1 % Mg doped sample. Moreover, the PCE only 
dropped 10% after storage in 30~40 % relative humidity for 600 h. Our results suggest that doping 
Mg into perovskite layer is a good strategy to enhance stability and the photovoltaic performance 
of the perovskite solar cells. 
 
EXPERIEMNTAL SECTION 
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Preparation of perovskite solar cells 
Fluorine-doped tin oxide (FTO glass, Nippon Sheet Glass Co. Ltd) substrates were etched with r 
hydrochloric acid solution and zinc powder. The titanium dioxide compact layer was spin-coated 
0.15 M titanium diisopropoxide bis(acetyacetonate) (75 wt% in isopropanol, Aldrich) in 1-butanol 
(99.8 %, Aldrich) on an the FTO substrate at 2000 rpm for 30 seconds. Then the substrate was 
heated at 125 oC for 5 min. Next, the titanium dioxide paste (Dyesol 30NRD, diluted in ethanol at 
1:4 weight ratio) was spin-coated at 500 rpm 5s and 5000 rpm for 30 s. After drying at 125 °C for 
30 min, the substrate was annealed at 500 °C for 30 min. The perovskite solution was prepared by 
dissolving 239 mg MAI (TCI, 98 %) and 692mg PbI2 (TCI, 99.99 %) into 0.2 mL dimethyl 
sulfoxide (DMSO, Aldrich, 99.8 %) and 0.8 mL dimethylformamide (DMF, Aldrich, 99.8 %)  to 
achieve 1.5 M MAPbI3 perovskite precursor solution. For preparing the Mg doped perovskite 
precursor solution, adding the proper ratio of MgI2 (99.998 %, Aldrich) into the 1.5 M MAPbI3 
perovskite precursor solution.  The Spiro-MeOTAD solution was prepared by mixing 72.3 mg 
Spiro-MeOTAD (Aldrich, 99 %), 29 μL FK209 (Aldrich, 99 %) (300 mg/mL in acetonitrile), 7.5 
μL Li-TFSI (Aldrich, 99.95 %) (520 mg/mL in acetonitrile) and 28.8μL tert-butylpyridine (Aldrich, 
96 %) in 1 mL chlorobenzene solution. The perovskite layer was prepared on the mesoporous TiO2 
substrate by adding 0.1 mL perovskite precursor solution and spin-coated at 4000 rpm for 25 s. 0.5 
mL ethyl acetate (99.8 %, Aldrich) antisolvent was dripped during the spin-coated progress.54 The 
spin-coated perovskite film was annealed at 100 °C for 10 min. The Spiro -MeOTAD layer spin-
coated on the perovskite layer at 4000 rpm for 30 s. Finally, Au electrode with 80 nm thickness 
was deposited on the Spiro film by thermal evaporation.  
Device Characterization 
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 Current-density-voltage curves of the perovskite solar cells with a 0.10 cm2 exposure area were 
measured under AM 1.5G 100 mWcm-2  irradiation uing a solar simulator (CEP-2000SRR, 
Bunkoukeiki Inc.,). UV-Vis spectra was obtained with a UV/Vis spectrophotometer (JASCO V-
670). The scanning electron microscope (JEOL, Neoscope, JSM-6700F) was used to measure 
morphologies of perovskite layer. The EQE spectra were recorded using a Xenon lamp, a 
potentiostat and a monochromator (Bunkouki CEP-2000SRR).  XRD patterns were obtained by 
the monochromatic Cu-Kβ irradiation with a X-ray diffractometer (Rigaku Smartlab,  45 kV/200 
mA). Photoelectron yield spectroscopy (PYS) was used to determine the valence band using a 
Bunkoukeiki KV205-HK ionization energy measurement system with – 5.0 V of applied voltage 
under 10-4 Pa vacuum. Electrochemical impedance spectroscopic measurements were tested with 
a frequency range from 1 Hz to 1 MHz at 0.7 V applied bias under dark condition. 
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Figure S1 The Zoomed XRD peak of PbI2 pattern. 
 
Figure S2 The surface-sensitive XPS spectra of different content MgI2-doped MAPbI3 
perovskite film on FTO glass substrates. 
 
 
 
 
 22 
 
 
Figure S3 The XPS core level spectra of O 1s. 
 
 
 
Figure S4 The contact angle between perovskite film and water droplet. (a) Pristine MAPbI3 and 
(b) 1.0 % MgI2-doped. 
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Figure S5 SEM images of the annealed 4% Mg-dopedMAPbI3 perovskite layers on 
FTO/compact TiO2/mesoporous TiO2 substrate. Scan bar: 100 nm. 
 
 
 
 
Figure S6 The stability of doping free and 1 % Mg doping perovskite film on the glass 
substrates. The films were prepared and kept at 30~40% RH atmosphere. The insert is the 
photograph of the corresponding perovskite films. (a) Doping free perovskite film. (b) 1.0 % Mg 
doping perovskite film.   
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Figure S7   Time-resolved photoluminescence (TRPL) spectra (excitation at 515 nm and emission 
at 771 nm) of the MAPbI3 perovskite and 1% Mg-doped MAPbI3 film deposited on glass substrates.  
 
 
Figure S8 DOS diagrams for (a) MAMgI3 (b) MgI2 
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Figure S9 (a) Gibbs free energy diagram for nucleation and growth the pristine MAPbI3 layer, (b) 
Gibbs free energy diagram for nucleation and growth the Mg doped MAPbI3 layer. 
 
Condition 2θ(deg) d(Å) 
0.0% 14.0785 6.2856 
0.5% 14.091 6.2800 
1.0% 14.1012 6.2755 
2.0% 14.1032 6.2747 
 
Table S1 Detail information of the (110) diffraction peak. 
 
